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Abstract

Susceptibility to autoimmune disease is associated with null
alleles at one of the two genetic loci encoding complement
protein C4. These two genetic loci, C4A and C4B, are highly
homologous in primary structure but encode proteins with dif-
ferent functional activities. Expression of C4A and C4B genes
is regulated by IFN-v in human hepatoma cells and in murine
fibroblasts transformed with the respective genes. In these cell
lines, IFN-v has a significantly greater and longer-lasting ef-
fect on expression of C4A than that of C4B. In this study we
examined synthesis and regulation of C4A and C4B in periph-
eral blood monocytes from normal, C4A-null, and C4B-null
individuals. Synthesis of C4 in human peripheral blood mono-
cytes decreases during time in culture. IFN-y mediates a con-
centration- and time-dependent increase in steady-state levels
of C4 mRNA and a corresponding increase in synthesis of C4
in normal human monocytes. LPS decreases monocyte C4 ex-
pression and completely abrogates the effect of IFN-vy on the
expression of this gene. In contrast, LPS and IFN-v have a
synergistic effect in upregulating expression of another class
IIT MHC gene product, complement protein factor B. The ef-
fect of LPS on constitutive and IFN-y-regulated C4 synthesis
is probably not mediated via release of endogenous monokines
IL-18, TNF-a, or IL-6. Synthesis of C4, and regulation of its
synthesis by IFN-vy and LPS, are similar in normal, C4A-, and
C4B-null individuals. These results demonstrate the synthesis
of C4 at extrahepatic sites and tissue-specific regulation of C4
gene expression. (J. Clin. Invest. 1990. 85:943-949.) comple-
ment ¢« mononuclear phagocytes ¢ gene expression « lym-
phokines

Introduction

C4 is a three-chain, disulfide-linked glycoprotein which, to-
gether with the second component of complement (C2), forms
the classical complement-activating C3 convertase (reviewed
in reference 1). It is encoded by two loci, C4A and C4B, lo-
cated in class-III region of the MHC on the short arm of chro-
mosome 6 (2, 3). The two C4 genes lie ~ 30 kb downstream
from the C2 and factor B genes, separated by 10 kb, and each
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has a cytochrome P-450 steroid 21-hydroxylase gene within
1.5 kb of the 3’ terminus (4, 5).

The complete nucleotide sequence of a few C4A and C4B
genes has been determined (6, 7). There are only six nucleotide
differences, resulting in four amino acid differences between
the two genes. The variation in sequence is clustered around
the active site, the thiol ester region of the C4 « chain, and
thought to explain the differences in functional activity of the
C4A and C4B genes. The product of the C4B gene reacts more
effectively with hydroxyl groups and is two- to threefold more
effective in complement hemolytic activity. C4A reacts more
readily with amino groups, and is more effective in inhibiting
the formation and in causing the dissolution of immune ag-
gregates (8-10).

There are also two C4-like genes in the mouse (reviewed in
reference 11). These two genes are similar to C4A and C4B in
chromosomal localization, i.e., being encoded within the
MHC, and in orientation with respect to the direction of tran-
scription (12). The mouse C4-like proteins, Ss protein and Slp
protein, are also characterized by a marked difference in spe-
cific hemolytic activity. Expression of the Slp gene is regulated
by androgens (13).

The C4 protein is synthesized in liver as an ~ 185-kD
single-chain precursor, pro-C4, and is converted into the func-
tionally active three-chain disulfide-linked native protein dur-
ing posttranslational transport/secretion. Approximately 80%
of the C4 synthesized in human hepatoma HepG2 cells is C4A
isotype (14). A marked increase in expression of C4 in HepG2
cells is mediated by IFN-v. In HepG2 cells, which express both
C4A and C4B, and in stable transfected mouse fibroblast cell
lines, which express C4A or C4B alone, IFN-vy has a signifi-
cantly greater and longer-lasting effect on the synthesis of C4A
than that of C4B.

In order to further understand the significance of these
differences in expression and regulation of the two human C4
genes and the molecular basis for deficiencies of C4 isotypes,
we examined the possibility that C4 was synthesized in
IFN-y-activated monocytes from normal, C4A-, and C4B-
null individuals.

Methods

Materials. Medium 199 (M199)' was obtained from Whittaker M.A.
Bioproducts (Walkersville, MD). DME, DME without methionine,
HBSS, L-glutamine, and penicillin-streptomycin were purchased from
Washington University School of Medicine Tissue Culture Support
Center. Human serum, type AB, was obtained from Sigma Chemical
Co. (St. Louis, MO). Fetal bovine serum was purchased from Flow
Laboratories, Inc. (McLean, VA). [**S]Methionine was obtained from

1. Abbreviations used in this paper: «a,-Pl, a,-proteinase inhibitor;
M199, medium 199.
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ICN Nutritional Biochemicals (Cleveland, OH). [3?P]CTP (specific ra-
dioactivity ~ 3,000 Ci/mmol) and '“C-methylated protein standards
were from Amersham Corp. (Arlington Heights, IL). Goat antihuman
C4 and goat antihuman factor B were obtained from Atlantic Antibod-
ies (Scarborough, ME). Rabbit antihuman «,-proteinase inhibitor (a;-
PI) was from Dako Corp. (Santa Barbara, CA). Other reagents in-
cluded IgG-Sorb from Enzyme Center (Cambridge, MA), cesium chlo-
ride from Boehringer Mannheim Biochemicals (Indianapolis, IN),
guanidine-isothiocyanate from Fluka AG (Buchs, Switzerland), and
sodium-N-lauroylsarcosine from Sigma Chemical Co. Escherichia coli
serotype 0111:B4 LPS, prepared by Westphal phenolic extraction, was
also purchased from Sigma Chemical Co. Recombinant-generated
human IFN-vy was obtained from Biogen Research Corp. (Cambridge,
MA) and diluted in M 199 for use in tissue culture. Recombinant-gen-
erated human TNF-a was provided by Genentech Inc. (S. San Fran-
cisco, CA), recombinant IL-18 was provided by B. Joy (Monsanto
Company, St. Louis, MO), and IL-6 by P. B. Sehgal (New York).

Cell culture. Confluent monolayers of human peripheral blood
monocytes from blood donors were established by adherence of dex-
tran-purified leukocytes (15) on Primaria® plates or dishes. The C4
allotype of each donor was determined by subjecting neuraminidase-
treated EDTA plasma to agarose gel electrophoresis (16). Gels were
then overlaid with anti-C4 for immunofixation. Cells at a density of 3.0
X 107/ml were allowed to adhere for 2 h at 37°C. Adherent monolayers
were then rinsed vigorously and were either cultured further in M199
containing 15% human serum or used for experiments. Human hepa-
toma-derived HepG?2 cells were cultured in DME containing 10% fetal
bovine serum (14).

Metabolic labeling. Confluent monolayers of monocytes were in-
cubated at 37°C in the presence of methionine-free medium contain-
ing 0.5 xCi/ml [**S]methionine. In most experiments, synthesis of C4
was assessed by detection of newly synthesized radiolabeled pro-C4 in
the cell lysate after a 1-h interval of pulse radiolabeling. In some ex-
periments, the cells were pulse radiolabeled for 8 h, a time interval after
which radiolabeled C4 «, 8, and v chains could be detected in the
extracellular fluid. Methods for solubilization of cells and clarification
of cell lysates have been described (14). Total protein synthesis was
estimated by TCA precipitation of aliquots of cell lysates and culture
fluids (17).

Immunoprecipitation and SDS-PAGE. Aliquots of cell lysate and
culture fluid were incubated overnight at 4°C in 1% Triton X-100/1%
SDS/0.4% deoxycholic acid, with excess antibody. Immune complexes
were precipitated with excess formalin-fixed staphylococci-bearing
protein A, washed, released by boiling in sample buffer, and applied to
6% SDS-PAGE under reducing conditions and described by Laemmli
(18). “C-Methylated molecular size markers (200,000, 92,500, 68,000,
46,000, 30,000, and 17,000 mol wt) were included on all gels. After
electrophoresis, gels were stained in Coomassie brilliant blue, de-
stained, impregnated with 2,5-diphenoxylate (EN*HANCE; New En-
gland Nuclear, Boston, MA), and dried for fluorography on XAR x-ray
film (Eastman Kodak Co., Rochester, NY).

Ribonuclease protection assay. Total cellular RNA was isolated
from monolayers of monocytes by quanidine isothiocyanate extrac-
tion and ethanol precipitation (19). RNA was quantified by absor-
bance at 260 um and then subjected to a ribonuclease protection assay,
based on the technique of Melton et al. (20). A 556-bp Pst I-Pst I
fragment from the 3' terminus of cDNA clone pC4AL1, which recog-
nizes C4A and C4B mRNA (21), was cloned into the Pst I site of the
PGEM 4 plasmid (Promega Biotec, Madison, WI), subjected to in vitro
transcription with T7 polymerase, and the resulting ?P-labeled cRNA
used as probe. This probe was hybridized with 50 ug total cellular RNA
at 55°C overnight and hybrids subjected to digestion with RNase A
and RNase T1 at room temperature. Protected fragments were de-
tected in a 6% acrylamide-8-M urea sequencing gel (22).

DNA blot analysis. Human genomic DNA was extracted from
peripheral blood mononuclear cells (23). 10 ug of genomic DNA was
digested to completion with restriction endonucleases Hind III and
Bam HI, according to the manufacturer’s recommendations, and sub-
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jected to agarose gel electrophoresis (24). A 0.9-kb Kpn I-Pst I geno-
mic DNA fragment from the 5' end of the C4A and C4B genes (25) was
labéled with [*2P]JdCTP and used as probe. This probe has been shown
to recognize size polymorphisms of the C4A and C4B genes and to
recognize a specific deletion of the C4A gene associated with the
HLA-B8, DR3 extended haplotype and susceptibility to systemic lupus
erythematosus (25). Hybridization with radiolabeled probes, washing,
and autoradiography have been previously described (14).

Results

C4 is synthesized in human peripheral blood monocytes. After
2 h in culture, monolayers of monocytes were incubated for 24
h in serum-free control medium or medium supplemented
with recombinant human IFN-y. From these monolayers,
total cellular RNA was isolated and subjected to RNase pro-
tection assay (Fig. 1 @). In IFN-y-activated monocytes, a 556-
bp fragment was protected. This fragment was present in
monocytes under control conditions after a much longer auto-
radiographic exposure (data not shown). A fragment of identi-
cal apparent size was detected in HepG2 cells but none de-
tected in the negative control, yeast tRNA. These results indi-
cate that C4 mRNA is present in human monocytes and that
IFN-v mediates a marked increase in steady state levels of C4
mRNA in monocytes.

In order to determine whether the C4 protein is synthe-
sized in the same cells, control and IFN-y-activated mono-
cytes were subjected to metabolic labeling and the resulting
radiolabeled cell lysates subjected to immunoprecipitation and
SDS-PAGE followed by fluorography (Fig. 1 b). An ~ 185-kD
radiolabeled polypeptide corresponding to pro-C4 was de-
tected in IFN-y-treated monocytes. A radiolabeled polypep-
tide of identical electrophoretic mobility is detected in HepG2
cells. Although this polypeptide is not present in control

a b

Mr
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Figure 1. Detection of C4 mRNA and pro-C4 in peripheral blood
monocytes and in HepG2 cells. Confluent monolayers of monocytes
or HepG?2 cells were incubated for 24 h in serum-free medium alone
(), and in recombinant human IFN-y, 1,000 U/ml (+). (@) Total
cellular RNA was isolated and subjected to RNAse protection assay
as described in Methods. The relative electrophoretic mobility of the
cRNA probe is indicated at the left margin. (b) Cells were subjected
to pulse radiolabeling for 60 min. Pro-C4 was detected in cell lysates
as described in Methods. Molecular mass markers are indicated at
the right margin.



monocytes in this experiment, it is detected in control mono-
cytes in many other experiments (see Figures below). Synthesis
of C4 was also detected in human bronchoalveolar macro-
phages (data not shown).

IFN-v regulates expression of C4 in human monocytes.
Freshly isolated monocytes were incubated for 24 h in serum-
free control medium and medium supplemented with IFN-y
in several different concentrations. Cells were then pulse ra-
diolabeled and synthesis of pro C4 assayed (Fig. 2). IFN-y
mediates a concentration-dependent increase in synthesis of
C4. The lowest effective concentration of IFN-y is 10 U/ml.
The effect of IFN-vy is time-dependent and specific in that
there is no change in the synthesis of «;-PI in these cells under
the same conditions (data not shown).

In order to examine the synthesis and regulation of C4 at
different times during the in vitro differentiation of mono-
cytes, separate monolayers of monocytes were incubated with
IFN-v for 24 h after 2 h or 6 d in culture (Fig. 2). This experi-
ment demonstrates a decrease in synthesis of C4 during in
vitro differentiation of monocytes. The decrease in C4 synthe-
sis is specific in that total protein synthesis and synthesis of
other specific proteins (e.g., complement factor B) increases
during the same time interval (26). The concentration-depen-
dent effect of IFN-y on C4 synthesis is still evident and similar
in magnitude by day 7 in culture (Fig. 2).

The effect of IFN-y on monocytes also resulted in an in-
crease in C4 secreted into the extracellular fluid (Fig. 3). Ra-
diolabeled C4 a and B8 chains and an a-8 intermediate (27)
were detected in the extracellular fluid of IFN-y-activated
monocytes. The C4 vy chain was also detected in other experi-
ments (data not shown).

LPS and IFN-v have counterregulatory effects on monocyte
C4 synthesis. Since different types of macrophage activators,
such as IFN-y and LPS, are likely to be present at sites of tissue

Day 7 Mr
1 (X 10'3)
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Figure 2. IFN-v regulates the synthesis of C4 in human monocytes.
After 2 h (/eff) or 6 d in culture (right) monolayers of monocytes
were incubated for 24 h in serum-free medium alone (0) or in me-
dium supplemented with IFN-v in the specified concentrations. Cells
were then subjected to pulse radiolabeling for 60 min and C4 was de-
tected in cell lysates. Molecular mass markers are indicated in the

right margin.

Mr Figure 3. Effect of
IFN-v on synthesis and
secretion of C4 in
human monocytes.
After 2-h adherence,
monocytes were incu-
bated for 16 h in
serum-free medium
alone (—) or in medium
supplemented with
IFN-y, 1,000 U/ml (+).
Cells were then sub-

g jected to pulse radiola-

4 beling for 8 h. IFN-y
i “ — B was present in the me-
& % = —68 dium during the pulse
» radiolabeling of cells
- + - + that had been preincu-
bated with it. C4 was
detected in cell lysates (IC) or culture fluid (EC). Molecular mass
markers are indicated in the right margin.
injury/inflammation, and since IFN-y and LPS have been
shown to elicit synergistic effects on the synthesis of another
class-III MHC-linked complement protein, factor B (28), we
examined the possibility of synergistic actions for IFN-y and
LPS in modulating monocyte C4 expression. First, we exam-
ined the effect of LPS on synthesis of C4. After 2 h in culture,
monocytes were incubated in serum-free control medium or
medium supplemented with LPS (Fig. 4). LPS mediated a
concentration-dependent decrease in synthesis of C4. The ef-
fect was apparent at concentrations of LPS as low as 100
pg/ml. The effect was specific in that LPS mediated an increase
in synthesis of factor B in the same experiment (data not
shown).

Mr
(x 1073)

“”’** -200

~92.5

=58

00.010.1 1 10100
LPS (ng/ml)

Figure 4. LPS decreases synthesis of C4 in monocytes. After 2 h in
culture, monocytes were incubated for 24 h in serum-free control
medium or medium supplemented with LPS in the specified concen-
trations. Synthesis of C4 was determined by methods described in
the legend to Fig. 2. Molecular mass markers are indicated at the

right margin.
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Figure 5. LPS abrogates the effect of IFN-y on C4 synthesis in human monocytes. A4 After 2 h in culture, separate monolayers of monocytes
were incubated for 24 h in serum-free control medium alone, medium supplemented with IFN-y (1,000 U/ml), medium supplemented with
LPS (10 ng/ml), or medium supplemented with both IFN-y and LPS. Cells were rinsed and then subjected to pulse radiolabeling. Cell lysates
were then immunoprecipitated with antibody to human C4, factor B, and «,-PI. Molecular mass markers are indicated in the right margin. B
After 2 h in culture, monocytes were incubated for 24 h in serum-free control medium alone, medium supplemented with IFN-vy (100 U/ml),
or medium supplemented with [IFN-y (100 U/ml) and LPS (10 ng/ml). Cells were then rinsed, total cellular RNA isolated, and the RNA sub-
jected to RNAse protection assay. The relative electrophoretic mobility of the cRNA probe is indicated at the left margin.

LPS also abrogated the effect of IFN-y on monocyte C4
synthesis. In the experiment shown in Fig. 5 A4, baseline syn-
thesis of C4 is too low to determine whether LPS decreases
synthesis of C4. However, LPS markedly decreases the positive
regulatory effect of IFN-y on C4 synthesis in monocytes co-
incubated with LPS and IFN-y (a). At higher concentrations
of LPS, or lower concentrations of IFN-y, LPS completely
abrogates the effect of IFN-y on C4 synthesis (data not shown).
This antagonistic effect is highly specific in that LPS and
IFN-v have synergistic effects on factor B synthesis in the same
experiment (b). Synthesis of another specific protein, «,-PI, by
monocytes in this experiments is only affected by LPS, con-
firming previous studies (15). Neither synergistic nor antago-
nistic effects of IFN-y and LPS on the synthesis of this protein
are evident in this experiment (c).

The counterregulatory effects of LPS and IFN-y are also
evident in ribonuclease protection assays. In the experiment
shown in Fig. 5 B, IFN-y mediates a marked increase in
steady-state levels of the protected C4 mRNA fragment. LPS
completely abrogates the effect of IFN-y on levels of C4
mRNA. Thus, the counterregulatory effects of LPS and IFN-vy
are likely to involve transcriptional or posttranscriptional
mechanisms.

In contrast to LPS itself, the LPS-inducible monokines
IL-18, TNF-q, and IL-6 do not have counterregulatory effects
on monocyte C4 synthesis. In Fig. 6, LPS completely abrogates
the effect of IFN-y on C4 synthesis, but IL-18, TNF-«, and
IL-6 have no significant effect. All three of these monokines
are biologically active in the same experiment as shown by
increases in factor B synthesis for IL-18 and IL-6 and by in-
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creases in «a;-Pl synthesis for IL-6 (data not shown). These
results militate against, but do not exclude, the possibility that
the effects of LPS on monocyte C4 synthesis are mediated
through the induction of endogenous monokines IL-18,
TNF-q, or IL-6.

IFN-v increases synthesis of C4 in monocytes from C4A-
null and C4B-null individuals. We examined synthesis of C4 in
monocytes from four different individuals with no detectable
plasma C4B protein (A3BQO) and in monocytes from two
different individuals with no detectable plasma C4A protein
(AQOBI). For both C4A-null individuals, Southern blot anal-
ysis (not shown) indicated the presence of an ~ 30-kb deletion
of the C4A gene similar to that which has been identified in
HLA-B8 C4AQO, DR3 extended haplotype in several pre-
vious studies (25, 29, 30). The molecular mechanism for the
C4B-null state was not determined in the four C4B-null indi-
viduals studied. However, Southern blot analysis indicated
that it is a heterogeneous group. Hind III and Bam HI digest
showed the presence of two C4 genes in all of these individuals.
Three of the C4B-null individuals have two long C4 genes
(data not shown).

In each case, synthesis of C4 and its regulation by IFN-y
and LPS in monocytes of the C4A-null or C4B-null individual
was compared with that of a C4 A3 Bl homozygote (Figs. 7
and 8). There was no significant difference in synthesis of C4
in control or IFN-y-activated monocytes of any of these indi-
viduals. LPS abrogated the effect of IFN-y on synthesis of C4
in monocytes from all these individuals (data not shown).
There was no significant difference in synthesis of a control
protein factor B in these experiments (data not shown).
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Figure 6. LPS-inducible monokines do not have counterregulatory

- effects on IFN-y-regulated C4 synthesis. After 2 h in culture, mono-
cytes were incubated for 24 h in serum-free control medium (lane /);
medium supplemented with IFN-v, 100 U/ml (lane 2); IFN-vy plus
LPS, 100 ng/ml (lane 3); LPS alone (lane 4); medium supplemented
with polymyxin B, 10 ug/ml (lane 5); IFN-y plus LPS and poly-
myxin B (lane 6); IL-18, 100 ng/ml, plus polymyxin B (lane 7);
IFN-v plus IL-18 and polymyxin B (lane 8); TNF-a, 100 ng/ml (lane
9); IFN-y plus TNF-a and polymyxin B (lane 10); IL-6, 100 ng/ml,
plus polymyxin B (lane 11); IFN-y plus IL-6 and polymyxin B (lane
12). Polymyxin B was included in lanes 5-12 in order to exclude the
possibility that LPS contamination of cytokine preparations was re-
sponsible for any observed effects. The results show that polymyxin
B in this concentration almost completely abrogates the counterregu-
latory effect of LPS (compare lanes 3 and 6).

Discussion

Although several studies have suggested that C4 is produced by
human mononuclear phagocytes (31, 32), technical limita-
tions in analytical methods have prevented definitive identifi-
cation of C4 biosynthesis in these cells. The results of these
current experiments clearly demonstrate the biosynthesis of
C4 in human monocytes. Expression of C4 decreases rapidly
during the differentiation of monocytes in vitro despite in-
creases in total cellular RNA content, total protein synthesis,
and synthesis of other specific protein during the same time
interval (26). Thus, expression of C4 in human monocytes is
similar to that in murine peritoneal macrophages. In the latter
cells, C4 synthesis rapidly decreases to undetectable levels
within 24 h in culture (33, 34). In this respect, expression of C4
on human monocytes is also similar to that of class-Il MHC
gene product DR (35), but different from that of the other
class-II MHC gene products, complement proteins C2 and
factor B, expression of which increases during monocyte dif-
ferentiation in vitro (26). There are several possible explana-
tions for reduction in expression of C4 in monocytes during
time in culture including the elaboration of a downregulating
factor in vitro or the loss of an in vivo upregulating factor.
The results of these experiments also indicate that synthesis
of C4 in mononuclear phagocytes is modulated by IFN-y. The
effect of IFN-y on C4 gene expression is not tissue-specific in
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Figure 7. Effect of IFN-v on the synthesis of C4 in monocytes from
individuals having only C4A gene expressed (C4A3BQO allotype) or
having both C4A and C4B genes expressed (C4A3B1). After 2-h ad-
herence, monocytes were incubated for 24 h in medium alone (0) or
in medium supplemented with IFN-v in the specified concentra-
tions. Cells were then subjected to pulse radiolabeling for 60 min. C4
was detected in cell lysates. Molecular mass markers are indicated in

the right margin.

that IFN-vy increases synthesis of C4 in human hepatoma
HepG2 cells and in murine fibroblasts transfected with the
human C4 genes (14). IFN-y also modulates the expression of
the other class-III MHC complement genes C2 and factor B
(36). However, the effect of IFN-y on C4 probably involves a
signal transduction pathway that is distinct from that for
which the C2 and factor B genes are targets. This is best shown
by experiments in which monocytes are co-incubated with
LPS and IFN-v; that is, LPS and IFN-y have counterregula-
tory effects on C4 but synergistic effects on factor B synthesis.
These results could not be explained by differences in IFN-y
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[A3 B1 ':AQO B1I (x10-3)

SEE — 200

Figure 8. Effect of IFN-y
on synthesis of C4 in
monocytes from an indi-
vidual with only C4B gene
expressed (C4AQOBI allo-
type) or with both C4A and
C4B gene expressed
(C4A3B1). The experimen-
tal protocol was identical to
that described in the legend
for Fig. 5 A.
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receptor expression or receptor occupancy and, therefore, im-
plicate differences in steps distal to receptor activation within
each signal transduction pathway. The counterregulatory ef-
fects of LPS and IFN-y on C4 expression and synergistic ef-
fects on factor B synthesis in mononuclear phagocytes may
indicate that the initial host response at local sites of bacterial
infection shifts from classical complement pathway activation
(the C4b2a convertase for C3) to alternative pathway activa-
tion (C3Bb convertase). Such a shift would also increase the
host response by loop amplification.

Having demonstrated the biosynthesis of C4 in human
monocytes, it became possible to examine synthesis of C4 in
monocytes from individuals with C4A-null and C4B-null al-
leles. Results of such experiments indicate that synthesis of C4
in monocytes from these individuals is not different from that
in monocytes from individuals expressing C4A and C4B.
There is a relatively high frequency of null alleles at the C4A
and C4B loci. The frequency of C4AQO is estimated to be
13-14% and C4BQO 15-16% among Caucasian populations
(19). 1t is also estimated that more than half the Caucasian
population carry a C4-null gene. Many of the C4 haplotypes
carrying null alleles are due to deletion of the C4 gene (25, 29,
30, 37, 38). The most well characterized is an ~ 30-kb dele-
tion of the C4A gene, extending from a position near its 5’
terminus to an analogous position in the C4B gene (25, 29, 30,
38). This deletion encompasses most of the C4A and all of the
21-hydroxylase-A pseudogene sequences. Such individuals
presumably synthesize a C4 fusion protein recognized as C4B.
Several haplotypes carrying null alleles are not associated with
deletion of the C4 gene. Theoretically, this may result from a
defect in expression of the C4 gene or expression of the same
allotype at both C4 loci. The C4B-null phenotype of HLA
haplotype B44DRw6 C4A3 C4BQO is probably an example of
C4A3 expression at both C4 loci (39), presumably arising by
deletion and duplication. These observations indicate that
studies of gene structure, expression, and regulation of C4A
and C4B may be necessary to completely elucidate the mecha-
nisms of specific C4A- and C4B-null states. In any event, the
results of our study indicate that expression and regulation of
C4 isotypes can be studied in primary cultures of monocytes
from the appropriate subjects.

Results of the current study also indicate that the relation-
ship between the C4 haplotype, plasma concentrations of C4,
and autoimmune disease is even more complex than pre-
viously conceptualized. This relationship must now take into
consideration the structure of C4, specific C4 isotypes, hepatic
and extrahepatic synthesis of C4, positive and negative regula-
tion of synthesis, functional activity, and, perhaps, clearance/
catabolism of C4.

Acknowledgments

We are indebted to Tom Buettner, Drs. Clara Lagueruela, and Barbara
R. Cole for referring their patients, to Marian Dynis RN, BS. N., Rose
Stephens, and Dr. Victor Silva for collecting leukapheresis donors, to
Drs. David Chaplin, Harvey Auerbach, Rick Wetsel, and Masaru
Nonaka for advice.

These studies were supported in part by U. S. Public Health Service
Al-24836, AI-24739, Al-17461, and RR-00036. Dr. Perimutter is an
Established Investigator of the American Heart Association and an
R.J.R. Nabisco Research Scholar.

948  J. Kulics, H. R. Colten, and D. H. Perlmutter

References

1. Perlmutter, D. H., and H. R. Colten. 1987. Structure and ex-
pression of the complement genes. Pharmacol. & Ther. 34:247-270.

2. Carroll, M. C.,, R. D. Campbell, D. R. Bentley, and R. R. Porter.
1984. A molecular map of the human major histocompatibility com-
plex class III region linking complement genes C4, C2 and factor B.
Nature (Lond.). 307:237-241.

3. Carroll, M. C,, T. Belt, A. Palsdottir, and R. R. Porter. 1984.
Structure and organization of the C4 genes. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 306:379-388.

4. White, P. C., D. Grossberger, B. J. Onufer, D. D. Chaplin, M. I.
New, B. Dupont, and J. L. Strominger. 1985. Two genes encoding
steroid 21-hydroxylase are located near the genes encoding the fourth
component of complement in man. Proc. Natl. Acad. Sci. USA.
82:1089-1093.

5. Carroll, M. C., R. D. Campbell, and R. R. Porter. 1985. Mapping
of steroid 21-hydroxylase genes adjacent to complement component
C4 genes in HLA, the major histocompatibility complex in man. Proc.
Natl. Acad. Sci. USA. 82:521-525.

6. Belt, K. T., M. C. Carroll, and R. R. Porter. 1984. The structural
basis of the multiple forms of human complement component C4.
Cell. 36:907-914.

7. Belt, K. T, C. Y. Yu, M. C. Carroll, and R. R. Porter. 1985.
Polymorphism of the human complement component C4. Immunoge-
netics. 21:173-180.

8. Law, S. K. A,, A. W. Dodds, and R. R. Porter. 1984. A compari-
son of the properties of the two classes, C4A and C4B, of the human
complement component C4. EMBO (Eur. Mol. Biol. Organ.) J.
3:1819-1823.

9. Isenman, D. E., and J. R. Young. 1984. The molecular basis for
the difference in immune hemolysis activity of the Chido and Rodgers
isotypes of human complement component C4. J. Immunol.
132:3019-3027.

10. Schifferli, J. A., Y. C. Ng, and D. K. Peters. 1986. The role of
complement and its receptors in the elimination of immune com-
plexes. N. Engl. J. Med. 315:488-495.

11. Shreffler, D. C,, J. P. Atkinson, A. C. Chan, D. R. Karp, C. C.
Killion, R. T. Ogata, and P. A. Rosa. 1984. The C4 and Slp genes of the
complement region of the murine H-2 major histocompatibility com-
plex. Philos. Trans. R. Soc. Lond. B Biol. Sci. 306:395-403.

12. Chaplin, D. D., D. E. Woods, A. S. Whitehead, G. Goldberger,
H. R. Colten, and J. G. Seidman. 1983. Molecular map of the murine S
region. Proc. Natl. Acad. Sci. USA. 80:6947-6951.

13. Passmore, H. C., and D. C. Shreffler. 1970. A sex-linked serum
protein variant in the mouse: inheritance and association with the H-2
region. Biochem. Genet. 4:351-365.

14. Miura, N., H. L. Prentice, P. M. Schneider, and D. H. Perl-
mutter. 1987. Synthesis and regulation of two human complement C4
genes in stable transfected mouse fibroblasts. J. Biol. Chem.
262:7298-7305.

15. Barbey-Morel, C., J. A. Pierce, E. J. Campbell, and D. H.
Perlmutter. 1987. Lipopolysaccharide modulates the expression of a,
proteinase inhibitor and other serine proteinase inhibitors in human
monocytes and macrophages. J. Exp. Med. 166:1041-1054.

16. Awdeh, Z. L., and C. A. Alper. 1980. Inherited structural poly-
morphism of the fourth component of human complement. Proc.
Natl. Acad. Sci. USA. 77:3576-3580.

17. Roberts, B. E., and B. M. Paterson. 1973. Efficient translation
of tobacco mosaic virus RNA and rabbit globin 9S RNA in a cell-free
system from commercial wheat germ. Proc. Natl. Acad. Sci. USA.
70:2330-2334.

18. Laemmli, U. K. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature (Lond.).
227:680-685.

19. Chirgwin, J. M., A. E. Pryzbyla, R. J. MacDonald, and W. J.



Rutter. 1979. Isolation of biologically active ribonucleic acid from
sources enriched in ribonuclease. Biochemistry. 18:5294-5299.

20. Melton, D. A, P. A. Krieg, M. R. Rebagliati, T. Maniatis, K.
Zinn, and M. G. Green. 1984. Efficient in vitro synthesis of biologi-
cally active RNA and RNA hybridization probes from plasmids con-
taining a bacteriophage SP6 promoter. Nucleic Acids Res. 12:7035-
7056.

21. Whitehead, A. S., G. Goldberger, D. E. Woods, A. F. Mark-
ham, and H. R. Colten. 1983. Use of cDNA clone for the fourth
component of human complement (C4) for analysis of a genetic defi-
ciency of C4 in guinea pig. Proc. Natl. Acad. Sci. USA. 80:5387-5391.

22. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA se-
quencing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA. 74:5463-5467.

23. Bell, G. I, J. H. Karam, and W. J. Rutter. 1981. Polymorphic
DNA region adjacent to the 5’ end of the human insulin gene. Proc.
Natl. Acad. Sci. USA. 78:5759-5763.

24. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

25. Kemp, M. E,, J. P. Atkinson, V. M. Skanes, R. P. Levine, and
D. D. Chaplin. 1987. Deletion of C4A genes in patients with systemic
lupus erythematosus. Arthritis Rheum. 30:1015-1022.

26. Cole, F. S., H. S. Auerbach, G. Goldberger, and H. R. Colten.
1985. Tissue-specific pretranslational regulation of complement pro-
duction in human mononuclear phagocytes. J. Immunol. 134:2610-
2616.

27.Chan, A. C,, and J. P. Atkinson. 1983. Identification and struc-
tural characterization of two incompletely processed forms of the
fourth component of human complement. J. Clin. Invest. 72:1639-
1649.

28. Katz, Y., F. S. Cole, and R. C. Strunk. 1988. Synergism be-
tween v interferon and lipopolysaccharide for synthesis of factor B, but
not C2, in human fibroblasts. J. Exp. Med. 167:1-14.

29. Schneider, P. M., M. C. Carroll, C. A. Alper, C. Rittner, A. S.
Whitehead, E. J. Yunis, and H. R. Colten. 1986. Polymorphism of the
human complement C4 and steroid 21-hydroxylase gene. Restriction
fragment length polymorphisms revealing structural deletions, homo-
duplications, and size variants. J. Clin. Invest. 78:650-657.

30. Carroll, M. C., A. Palsdottir, K. T. Belt, and R. R. Porter. 1985.
Deletion of complement C4 and steroid 2 1-hydroxylase genes in HLA
class III region. EMBO (Eur. Mol. Biol. Organ.) J. 4:2547-2552.

31. Stecher, V.J., J. H. Morse, and G. J. Thorbecke. 1967. Sites of
production of primate serum proteins associated with the complement
system. Proc. Soc. Exp. Biol. Med. 124:433-438.

32. Whaley, K. 1980. Biosynthesis of complement components
and the regulatory proteins of the alternative complement pathway by
human peripheral blood monocytes. J. Exp. Med. 151:501-516.

33. Newell, S. L., D. C. Shreffler, and J. P. Atkinson. 1983. Biosyn-
thesis of C4 by mouse peritoneal macrophages. J. Immunol. 129:653-
659.

34. Sackstein, R., and H. R. Colten. 1984. Molecular regulation of
MHC class III (C4 and factor B) gene expression in mouse peritoneal
macrophages. J. Immunol. 133:1618-1626.

35. Sztein, M. B, P. S. Steeg, H. M. Johnson, and J. J. Oppenheim.
1984. Regulation of human peripheral monocyte DR antigen expres-
sion in vitro by lymphokines and recombinant interferons. J. Clin.
Invest. 73:556-565.

36. Strunk, R. C., F. S. Cole, D. H. Perlmutter, and H. R. Colten.
1985. y-interferon increases expression of class III complement genes
C2 and factor B in human monocytes and in murine fibroblasts trans-
fected with human C2 and factor B genes. J. Biol. Chem. 260:15280-
1528s.

37. Partanen, J., L. Peltonen, S. Koskimies, and M. C. Carroll.
1987. DNA polymorphism of human HLA-linked complement C4
allotypes, including C4 null alleles, in the Finnish population. Hum.
Hered. 37:241-249.

38. Uring-Lambert, B., N. Vegnaduzzi, M. C. Carroll, M.-M. Ton-
gio, J. Goetz, and G. Hauptmann. 1987. Heterogeneity in the struc-
tural basis of the human complement C4A null allele (C4A*QO) as
revealed by Hind III restriction fragment length polymorphism analy-
sis. FEBS (Fed. Eur. Biochem. Soc.) Lett. 217:65-68.

39. Yu, C. Y., and R. D. Campbell. 1987. Definitive RFLPs to
distinguish between the human complement C4A/C4B isotypes and
the major Rodgers/Chido determinants: application to the study of C4
null alleles. Immunogenetics. 25:383-390.

Synthesis of C4 in Human Monocytes 949



